The incorporation of a small amount of secondary immiscible liquid to suspensions can lead to a shift from a fluid-like structure to a paste-like structure. This is ascribed to the higher attraction of the secondary liquid to the particles, in comparison to the continuous phase. However, visual observations on the micro-scale during both long and short term time-scales, dependant on the type of secondary immiscible liquid used are yet to be reported.
INTRODUCTION
Numerous suspension based food products comprise of solid hydrophilic particles suspended throughout a continuous hydrophobic liquid phase. When a minor quantity of a secondary immiscible liquid (water or glycerol) is added, it results in a transition from a fluid-like material to a paste-like material [1, 2] . This transition into a paste-like material may be manipulated to offer sample stability, and allow products to retain their desired shape long term [3] . This rearrangement has been attributed to the establishment of liquid bridges between the hydrophilic particles by the secondary liquid, varying the rheological properties of the suspension several-fold [4] [5] [6] . The secondary liquid has a superior affinity to the solid particles, in contrast to the continuous phase, because of their hydrophilic characteristic. However, there are very few published results showing the microscale changes responsible for these transitions in a qualitative manner.
For the food based systems, moisture may enter from the surface and/or it may diffuse between different areas within the product. The direction of movement is determined by the water affinity differential between the different areas in question. This is especially important for the storage lifetime of food products, as the mass transfer can be occurring over long time scales affecting quality. It is believed that a combination of transport mechanisms is responsible for this, including capillary effect and diffusion processes [7] . This work presents the effect of changing the type of liquid and the subsequent mass transfer-taking place on the micro-scale.
X-ray computed micro-tomography (µ-CT) has been used successfully to study the structures and properties of many products including food. These include bread, cereal bars, apples, mayonnaise, coffee beans and chocolate to name a few [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The present work uses a noninvasive method, via synchrotron X-ray µ-CT to track the movement of a secondary immiscible liquid, within a model food suspension. This is achieved by taking a dynamic (4D µCT) approach and scanning the sample at different time intervals. This technique enabled the evolution of the system to be monitored over a set period of time. Previous work has focused on studying the mass transfer and changes in dynamics when changing the volume of secondary liquid added [18, 19] . This work will concentrate on changing the secondary liquid type (in particular the sucrose concentration), on the dynamics of the system.
MATERIALS AND METHODS

Materials
Suspensions of sucrose particles (ZMR Zuckermühle Rupperswil AG, Germany, d 10 [19] .
The suspensions were transferred using a pipette into cellulose straws (each sample was added to a new cellulose straw, 7 samples in total, 5.75 mm diameter, Fishers Ideas, UK) which were glued (to prevent leakage of sunflower oil) to a plastic chuck precisely designed for the X-ray µCT experiments. A lid was then placed on top which had a hole in the centre ensuring the depositing of the secondary liquid using an electronic pipette (Eppendorf Xplorer, UK) on the central axis of the sample. After the addition of secondary liquid, the lid was replaced with another containing no hole to prevent any evaporation of the secondary liquid during the experiment.
The secondary liquid was varied altering the viscosity, density and sucrose solubility to better understand the effect this has on the mass transport taking place. The liquids used were distilled water, sucrose solutions (10 % wt., 30 % wt., 40 % wt. and 67 % wt.) and glycerol. Solutions were prepared by dissolving with stirring the relevant amount of sucrose crystals in deionised water at room temperature (25°C) [20] .
Rheological properties
The viscosities of the secondary liquids were measured using a rotational rheometer (Kinexus Lab+, Malvern, UK). A cone & plate geometry was used (1/50, 1° angle and 50 mm diameter). Measurements were conducted over a shear rate ramp (range of 10 -1000 s -1 ), ensuring steady state torque before proceeding to the next rate setting. All experiments were conducted at 25°C.
Interfacial tension
Interfacial tension measurements were carried out using the pendant drop method with the FTA 125 machine at 25°C. At equilibrium, the shape of the droplet when suspended from a needle is a balance between the interfacial tension, and the external forces being exerted on the liquid. The droplet can be suspended in air or within a secondary immiscible liquid to create either a liquid/air or liquid/liquid interface. Surface tension measurements of different secondary liquids which were used for experimental purposes were measured using a 20 gauge needle (outer diameter 0.9081 mm, inner diameter 0.603 mm).
Synchrotron X-ray µCT measurements
All samples studied were scanned at the BMIT beamline (BMIT 05ID-2) at the Canadian Light Source (Saskatoon, Canada) [21] . The X-ray energy was set to 25 keV. The sample to detector distance was 0.4 m. For each sample, 750 projections were acquired with equiangular steps over a range of 360°, with a regular angular step of 0.24°. The effective pixel size of the detector was 3.2 μm. For the experiments, the pixel size was fixed to 6.4 μm, applying a 2 × 2 binning. The total scan time for each sample was 12 minutes.
Scans were reconstructed using the NRecon software (Bruker, Belgium) resulting in 3D datasets containing 1006 slices. Reconstructed images were analysed using the software Image J. The slice chosen for analysis purposes was where the secondary liquid was largest in diameter along the Xaxis (Figure 1 ).
Synchrotrons provide users with unique, phase-related imaging methods. They provide very high flux with a flat energy spectrum and quasi-coherent beam. Phase-sensitive imaging methods exploit differences in the refractive index of the sample to enhance the acquired contrast, especially useful when imaging weakly absorbing samples (low Z materials). The high brightness reduces the total time required for the experiment and monochromatic imaging is not affected by beam hardening artefacts. In comparison, benchtop systems require longer acquisition times due to lower X-ray flux, and the beam is polychromatic leading to beam hardening artefacts that reduce the image quality.
RESULTS AND DISCUSSION
Secondary liquid properties
Experiments were conducted to investigate the rheological properties of the different secondary liquids. All liquids exhibited Newtonian behaviour. The viscosity and density values for the secondary liquids used can be seen in Table 1 . The interfacial tension in air and sunflower oil can be seen in Table 2 .
Varying sucrose concentration of the secondary liquid -Short term behaviour X-ray scans were conducted on suspensions of sucrose and oil (50:50 % by wt.) to which a fixed volume of 5 µl of secondary liquid was deposited on the top surface as a droplet, with a diameter of 2.12 mm. The secondary liquids added were: distilled water; 10 % wt. sucrose solution; 30 % wt. sucrose solution; 40 % wt. sucrose solution and a saturated sucrose solution. Water has the greatest affinity and ability to dissolve sucrose, whereas saturated sucrose solution has no capacity to dissolve any additional sucrose at 25°C, thus allowing the full range of sucrose solubility to be investigated in driving the movement of the secondary liquid within the suspension.
Scans taken after 150 minutes from initial additions of the same volume (5 µl) can be seen in Figure 2 for water, 10 % wt. sucrose solution, 30 % wt. sucrose solution, 40 % wt. sucrose solution and saturated sucrose solution. The images displayed are along the X-axis in relation to Figure 1 (along the YZ plane), for the slice in which the diameter of the secondary liquid droplet is the largest. It can be seen that the water droplet had progressed the furthest into the suspension, followed by the 10 % wt. sucrose solution. The 30 % wt. sucrose solution was attached to the surface of the suspension as was the saturated sucrose solution. For the 40 % wt. sucrose solution, it can be seen that the droplet had moved a small distance into the suspension. If the penetration of the secondary liquid was dominated by its density (Table 1) acting under gravity, the saturated sucrose solution would have penetrated the furthest due to having the greatest density in comparison to the other 4 secondary liquids mentioned. It can be seen this is not the case, though, if viscosity was a key factor, this would agree with the trend displayed so far.
The volumes of the different droplets in Figure 2 were measured after the experiments and are shown in Figure 3 . All droplets had an initial volume of 5 µl (5.0 mm 3 ) at depositing, and it can be seen that after 150 minutes the water droplet had increased the greatest extent to approximately 8.1 mm 3 , indicating it had taken up the greatest amount of solid sucrose from the bulk suspension, followed by the 10 % wt. sucrose solution with a volume of 7.7 mm 3 , then the 30 % wt. and 40 % wt. sucrose solutions with a volume of 6.1 mm 3 and 5.8 mm 3 , respectively. The water droplet has the greatest ability to take up solid sucrose as it initially had a 0% concentration of sucrose, whereas the 40% wt. sucrose solution is already close to the saturation limit of 66% wt. for sucrose at room temperature and therefore will take up solid sucrose at a slower rate, which agrees with the images seen in Figure 2 and the graph in Figure 3 .
Further scans on these samples conducted after 300 minutes are shown in Figure 4 . The same trend persists with the water droplet moving the deepest into the suspension and increasing the most in volume, whereas the saturated sucrose solution droplet showed virtually no change in volume or movement into the suspension. Some settling of the surrounding sucrose particles of the bulk suspension is evident near the surface in the image for the saturated sucrose solution droplet experiment. The volumes of the secondary liquid droplets from the images in Figure 4 are presented in Figure 5 . One reason for the saturated sucrose solution not moving at all, is believed to be due to the droplets inability to take up any solid sucrose from the bulk suspension easily, due to already being at the saturation point, as well as the higher surface tension of the saturated sucrose solution droplet has in comparison to the sucrose solutions and water [22] .
The water droplet had increased in volume to 10.4 mm 3 after a further 150 minutes (300 minutes in Figure 5 ), an increase of 2.3 mm 3 . The 10 % wt. sucrose solution increased to 9.8 mm 3 (a further 2.1 mm 3) , and the 40 % wt. sucrose solution increased incrementally by only 0.8 mm 3 to 6.6 mm 3 in the same period. The saturated sucrose solution showed no change in volume (4.7 mm 3 ). The volume of the saturated sucrose droplet is lower than 5.0 mm 3 , due to some liquid remaining in the tip of the pipette during dispensing, due to the viscous nature of the liquid.
A volume of water becoming saturated with sucrose at room temperature (25°C) would result in an additional 126 % volume [20] . Therefore, for a 5 µl (5 mm 3 ) volume to become saturated with sucrose the incremental 6.3 mm 3 would give a total volume of 11.3 mm 3 . A scan was conducted after 630 minutes for the 5 µl water sample ( Figure 6 ) revealing a droplet volume of 18.2 mm 3 . This is well above the 11.3 mm 3 required for saturation implying that additional crystalline sucrose is also incorporated.
The accumulation of solid sucrose that had entered the droplet can be seen and is highlighted by a red dashed line in Figure 6 . Individual sucrose crystals can also be seen within the droplet. These were only resolved through the use of the synchrotron facility which offers substantially improved scan and image quality in comparison to benchtop X-ray CT systems.
The slice corresponding to the red dashed line on the Z-axis of Figure 6 is presented in Figure 7 . It can be seen how solid sucrose crystals are present within the secondary liquid droplet as well as the surrounding bulk suspension. The central most region of the secondary liquid droplet is clear, indicating no presence of solid sucrose. The dispersion of solid sucrose will gradually encroach on the droplet centre as more crystals cross the interface from the surrounding suspension.
Varying sucrose concentration -Long term behaviour
Several long term scans were conducted to better understand how the behaviour and dynamics of the system change with time. The hypothesis is that distilled water is able to penetrate the furthest into the suspension, as it is able to take up the greatest amount of solid sucrose in comparison to the sucrose solutions. To verify this, scans were conducted approximately 40 hours from application of the secondary liquid on sucrose in oil suspension samples. Images for scans taken after 40 hours can be seen in Figure 8 . The distilled water and 40 % wt. sucrose solution display a similar distinguished shape which is very different to the spherical shapes seen in earlier scans (Figure 4) . The sample to which water was added is greater in both the horizontal and vertical dimension, in comparison to the 40 % wt. sucrose solution, even though initially the same volume was added. This accords with the water having the greatest remaining capacity to dissolve and take up additional sucrose from the suspension. The 40 % wt. sucrose droplet is nearer to the saturation limit and thus has a limited capacity to dissolve further sucrose. Therefore, the majority of the sucrose which does enter will remain in the solid state with a small proportion dissolving slowly to raise the concentration of the syrup toward saturation.
The maximum length in the horizontal and vertical dimensions of the distinguished shapes in Figure 8 for both water and 40 % wt. sucrose solution were measured as defined by red arrows in Figure 8 . For water, the maximum horizontal dimension and vertical dimension was 3.8 mm and 3 mm respectively, whereas for the 40 % wt. sucrose solution the maximum dimension measured was 3.2 mm and 2.6 mm, respectively.
The saturated sucrose droplet in Figure 8 shows a volume increase of 0.3 mm 3 during the approximately 35 hour period following the imaging of Figure 4 . The droplet has detached from the surface of the oil layer and the surrounding sucrose particles of the bulk suspension have settled. The low rate of movement of the saturated sucrose solution despite its large density ( Table 1 ), shows that gravity is not the dominating mechanism driving the movement. It is believed that there is no thermodynamic driving force for solid sucrose to transfer from the bulk suspension into the saturated droplet, which is the reason for the slow penetration/movement.
A scan conducted after 102.5 hours for the saturated sucrose sample ( Figure 9 ) showed a volume increase of 0.2 mm 3 in the additional 62 hours since that of Figure 8 . Clearly, some change was occurring though at a considerably lower rate in comparison to the cases of water and lower concentration solutions.
A slice taken along the Z-axis marked by the red dashed line in Figure 9 is shown in Figure 10 . The presence of sucrose crystals can be seen at the boundary between the saturated solution and the bulk suspension. The increase in volume must have been due to sucrose crystals entering the droplet from the bulk suspension, but these crystals have favoured sitting at the interface. Effectively, a barrier crust may have formed due to crowding of the boundary layer possibly reinforced by recrystallisation effects bonding the crystals. Further, in Figure 9 there is evidence of solid sucrose present near the top of the saturated sucrose droplet at a location where there was no contact with the bulk suspension from which solid sucrose crystals can enter. This supports the hypothesis of crystals being initially mobile in the interfacial layer.
Glycerol
Scans were conducted on a suspension sample to which a 5 µl droplet of glycerol was added at the surface, and images can be seen in Figure 11 . Early scans showed that the behaviour of glycerol is considerably different to that of water including that the movement is significantly slower. Therefore, scans were conducted after extended periods of storage in order to capture the noteworthy change. After 12.5 hours, it can be seen that there was virtually no change to the droplet itself, though the surrounding sucrose had settled leaving a layer of clear oil on the surface of the suspension. Density differences between sunflower oil and sucrose drive sedimentation. After 22 hours, it can be seen that the glycerol droplet was still pendant on the oil surface above the suspension. After 44 hours from addition, the droplet had fully detached from the surface, and further settling of sucrose particles in the bulk suspension resulted in increased oil displaced to the surface layer. In the scan image at 44 hours, a red arrow marks the presence of a large sucrose crystal in the suspension which at 84 hours was found transferred into the lower region of the glycerol droplet ( Figure 12 ) along with many other crystals. This large crystal is arrowed in Figure  12 as well as the void it had occupied in the adjacent suspension. It is apparent that this crystal was caused to translate across the interface by wetting and surface tension forces, and presumably, the same mechanism acted on all the other ingested crystals.
The behaviour of glycerol droplets in these suspensions was seen to be very different to those of water and sucrose solutions in terms of rate of response and capacity to incorporate sucrose and dilate. The viscosity of glycerol is high compared to the sucrose solutions which may moderate a mechanism of travel reliant on flow transfer across the interface. Density is not dissimilar to high concentration sucrose syrups, again suggesting that gravity was not a controlling force on speed but perhaps dictated the direction of travel ( Table 1 ).
The glycerol droplet increased by 0.8 mm 3 volume during the first 44 hour period after addition. Over the next 40 hours, the droplet increased disproportionately by 1.9 mm 3 perhaps because earlier it had been attached to the oil surface and prevented from colliding with suspension particles by a downward movement. The 5 µl water droplet showed a greater dilation in the first 5 hour period following addition ( Figure 5 ) than the glycerol droplet of the same initial volume over 84 hours. The solubility of sucrose in glycerol is approximately 7% wt., which is significantly lower than in water (67% wt.) [20] . Therefore, substantially any sucrose entering the glycerol droplet will remain in the solid state. This was confirmed by viewing a slice (red dashed line) along the Z-axis from the image in Figure 13 (97 hours) as shown in Figure 14 . It appears that the packing arrangement of the sucrose particles is more close/dense within the droplet than in the surrounding bulk suspension.
Dissolution of sucrose
The images presented have shown that high-resolution high contrast scans collected at BMIT are able to capture the microscale detail of solid sucrose particles both within the suspension and the secondary liquid droplet. Furthermore, for the secondary liquid droplet to progress into the suspension, it must either include or displace crystalline sucrose particles from the volume ahead. The imaging capability allows to determine the fate of these particles It is hypothesised that the initial sucrose which enters a water droplet from the bulk suspension will dissolve relatively easily and quickly. However, as further quantities of crystalline solid are introduced their dissolution will become highly retarded particularly without convective mass transfer to disrupt weak concentration gradients close to saturation values. To make observations relative to this hypothesis experiments were conducted on a 7.5 µl water droplet, in particular focusing on the early stages after addition to a sucrose in oil suspension. Images from a series of scans made between droplet addition and up to 150 minutes after are presented in Figure 15 . In this period the droplet volume increased by 5 mm 3 and travelled a distance of 0.55 mm into the suspension (into the space indicated by the red rectangle drawn in the first image). Therefore a volume 0.55 mm deep below the droplet, previously occupied by a mixture of sucrose and sunflower oil, became occupied by the dilating droplet. The sucrose crystals which were there previously had entered the droplet and disappeared (dissolved). The particle arrangement in the suspension further below the droplet remained the same indicating that displacement by the droplet was not an active mechanism.
A large sucrose crystal (approximately 200 µm in diameter) present in the first scan image and also in the image after 90 minutes is indicated by red arrows in Figure 15 . After 105 minutes it had entered the droplet and was present near the surface and appearing smaller in size due to partial dissolution. After 120 minutes this crystal was no longer present. The stack of images along the X and Y axes were searched for both 120 and 150 minute scans with no trace found. The Z-axis slice marked by the red dashed line in Figure 15 is shown in Figure 16 as an example demonstrating the absence of particles in this lower region of the droplet. Therefore, this sucrose crystal had entered the droplet and dissolved completely during 30 minutes between 90 and 120 minutes from the addition of the water droplet. For the first 150 minutes the dilation of the droplet was seen to be due to solid sucrose entering from the bulk suspension and complete dissolution.
Scan images following longer storage are presented in Figure 17 . After 330 minutes the lower portion of the droplet was beginning to fill with particles indicating that the rate of accumulation was then outpacing dissolution. This was to be expected at some point as sucrose concentration rose and retarded dissolution.
The volume of the droplet after 330 minutes was 17.1 mm 3 and at 750 minutes was 25.6 mm 3 -an increase of 8.5 mm 3 in a period of 420 minutes. The scan images show the growing accumulation of particulate sucrose in the lower region of the droplet. At 750 minutes half the droplet volume was occupied by a particle bed. The 340% dilation of the original water droplet volume was the combined result of dissolution and of solid inclusion of sucrose shown schematically in Figure 18 as a two-stage mechanism.
A particularly large sucrose crystal can be seen in the suspension after 330 minutes in Figure 17 . It is highlighted in the image with a red arrow. This same crystal had moved into the droplet by the time of the scan at 360 minutes leaving a void in the adjacent suspension as arrowed. After 750 minutes this crystal, apparently undiminished by dissolution, had been significantly displaced within the droplet as further solid sucrose from the bulk suspension entered from beneath. A Z-axis slice shown in Figure 19 again locates this same large particle.
Two further scans conducted after 24 hours and 34 hours produced images seen in Figure 20 . After 24 hours, it can be seen that the droplet was fully occupied by a bed of particulate sucrose and has changed dramatically in shape acquiring a concave upper face. The large crystal shown in Figure 17 can still be found (marked by a red arrow) pushed to the top of the droplet as yet further sucrose entered beneath. Once the droplet was full of particles, the system was clearly not yet in a state of equilibrium as the movement of water/liquid continued as evidenced by the changes revealed in the image after 34 hours.
A slice along the Z-axis after 34 hours at the red dashed line in Figure 20 can be studied in Figure 21 which includes a magnified area from the slice. It can be seen that in regions beyond the nominal boundary of the droplet connected structures have formed by suspension particles apparently bridged by a liquid phase. This causes the oil to be displaced into connected channels. The hypothesised mechanism of bridging is shown schematically in Figure 22 . The driving force for the formation of the liquid bridge is the interfacial tension and the resistance to this flow is due to the viscosity (Table 1 & Table 2 ) [23] .
Once the sucrose crystal suspended in oil are contacted by water a liquid bridge forms drawing them together under the driving influence of interfacial tension. Sucrose might also partially dissolve into the liquid bridge causing an increase in viscosity and a 'sintering' of the network. The oil previously present between the particles is displaced by flow under the resistance of its viscosity [20] . This creates a separated system comprising a contracted porous structured suspension and excluded free oil at the top and sides of the sample.
The mechanism by which the water or syrup phase transports beyond the boundaries of the full dilated droplet to incorporate the wider suspension remains uncertain. However, the concavity of the top of the droplet implies mass transport from a semi-solid (paste-like) body into the suspension.
CONCLUSION
In this study, the behaviour of droplets of different secondary immiscible liquids (water, sucrose solutions, saturated sucrose solution and glycerol) when added to a suspension of crystalline sucrose in sunflower oil was investigated on the micro-scale. This was achieved using synchrotron microtomography to observe the interactions at high resolution and to monitor the dynamics of change. This work was a follow up of previous work conducted focusing on different volumes of the same secondary liquid (water) and the effect this has on the dynamics, as well as the importance of surface area to volume ratio in driving the mass transfer of sucrose from the bulk suspension [18] .
It was hypothesised that sucrose dissolution and solubility play key roles in the rate of movement of the secondary liquid during the early stages. This was verified using sucrose solutions of different concentrations varying from distilled water to saturation. Distilled water exhibited the quickest gain in volume and associated progress into the bulk suspension, whereas a saturated sucrose solution showed minimal movement and limited changes in volume even after extended presence in the suspension. The saturated sucrose solution has a highest density tested, thereby demonstrating by its lack of response that gravitational force is not the key factor driving movement in such a system. Glycerol, which is similar in density to concentrated sucrose solutions but much more viscous, moved through the suspension by engulfing sucrose particles from the suspension ahead. It showed similar behaviour to water, though at a considerably slower speed. It is known that the solubility of sucrose within glycerol is very low compared to water and hence this would be a negligible part of the transport mechanism. Rather, viscous-limited capillary wetting of particles might have been controlling dynamics.
The noteworthy quality of the images from the Canadian synchrotron facility enabled the presence of solid sucrose within the secondary liquid droplet to be tracked and monitored. This proved invaluable as two mechanisms driving movement of the droplet could be distinguished. The first during the early stages being sucrose particles entering the droplet and dissolving completely leading to an increase in volume. This was followed during intermediate to long term periods where further solid sucrose from the suspension entered the droplet and accumulated within with little dissolution. This was verified by tracking the changes in the volume of the droplet and the presence and location of solid sucrose within the droplet with time.
Finally, the operation of an additional mechanism in the mature stages of the aqueous systems was recognised whereby the wider suspension became linked by a liquid bridging 'sintering' effect. Water transport mode from the droplet body in this stage remains unresolved. After 330 mins After 360 mins After 750 mins Figure 17 . Long term scans of the 7.5 µl water droplet (see Figure 15 ). The scale on images is 1 mm. Figure 18 . Schematic for proposed movement of sucrose from bulk suspension into water droplet during early and late stages. After 24 hours After 34 hours Figure 20 . Long term scans of the 7.5 µl water droplet (see Figure 15 ). The scale on images is 1 mm.
Slice
Magnified image Highlights  Innovative dynamic method using synchrotron X-ray CT to monitor the movement of a secondary immiscible liquid within the suspension of sucrose and sunflower oil.  Time lapse of scans taken to observe variation in samples, to understand dynamics taking place.  Type of secondary liquid as well as sucrose solubility, greatly influence system dynamics and mass transfer.  Industrial relevance of research is in gaining a better understanding related to the storage life of suspension based food products.
